Our recent analyses of the cholesterol biosynthetic pathway in Huntington's disease (HD) cells, in the R6/2 huntingtin-fragment mouse model of HD as well as in human tissues have provided the first evidence of altered activity of this pathway in genetically identifiable HD samples. Here we report that these changes also occur in the full-length-huntingtin YAC128 (yeast artificial chromosome) mouse model, which shows a consistent reduction in the activity or levels of multiple components of the cholesterogenic pathway. We also show that this phenotype is progressive and is specific for the brain region most affected in HD. Mice over-expressing the wild-type protein with 18 CAG (YAC18 mice) show the opposite phenotype with higher activity of the cholesterol biosynthetic pathway compared with littermate mice. Finally, we report that plasma levels of cholesterol, its precursors and its brain-derived catabolite 24-S-hydroxycholesterol in YAC mice mirror brain biosynthetic levels supporting further investigation of their potential as peripheral biomarkers in HD.
INTRODUCTION
Huntington's disease (HD) is a dominantly inherited neurodegenerative disorder caused by an expanded CAG trinucleotide repeat in the coding region of the HD gene (1). Mutations code for expanded glutamine tracts in huntingtin, a 348 kDa protein essential for embryogenesis (2 -4) and endowed with neuroprotective activities (5) . The classic neuropathological features of HD are neuronal intranuclear and cytoplasmic inclusions of huntingtin aggregates (6) and cell death, primarily in the striatum and cerebral cortex (7) . The disease typically manifests in midlife and causes progressive motor, psychiatric and cognitive dysfunctions leading ultimately to death (8) .
In 2002, we reported that the mRNA levels for key genes in the cholesterol biosynthetic pathway are diminished in mutant huntingtin inducible cells (9) and have subsequently shown that a similar reduction occurs in brain tissue from R6/2 huntingtin-fragment mice (10) , in post-mortem brain specimens from HD patients and in primary fibroblasts from HD patients (11) . The underlying molecular mechanism is impaired nuclear translocation of sterol regulatory elementbinding proteins (SREBPs), transcription factors that regulate the expression of key genes involved in cholesterol biosynthesis. This defect leads to reduced total sterol mass in HD tissues and impaired cholesterol biosynthesis in HD cells (11) .
Modifications in cholesterol homeostasis in the brain significantly impact neuronal function. Most cholesterol in the central nervous system (CNS) derives from in situ synthesis (12) and it has roles in signal transduction, synaptogenesis and neurotrasmitter release (13) . The critical glial-derived factor required for efficient synaptogenesis in vitro has been identified as cholesterol (14) , and alterations in brain cholesterol homeostasis lead to neurological symptoms in mice and humans (15) . Additionally, cholesterol depletion was found to protect cultured neurons from excitotoxic death caused by the glutamate receptor agonist N-methyl-D-aspartic (NMDA) (16) , suggesting the existence of a possible link between cholesterol homeostasis and neurotransmitter receptor function.
In the present study, we explored the evidence for cholesterol homeostasis alterations in the yeast artificial chromosome (YAC) mouse model of HD (YAC128; 17), which expresses full-length mutant human huntingtin under the control of endogenous regulatory elements. This model has been shown to accurately recapitulate many of the signs and symptoms of HD, including cognitive (18) motor and neuropathological defects (17, 18) . We show that YAC128 mice have progressively reduced sterol levels in the striatum with respect to littermate (WT) and mice over-expressing fulllength normal human huntingtin (YAC18; 19) . Consistent with this deficit, cholesterol precursors as well as the activity of 3-hydroxy-3-methylglutaryl CoA reductase (HMGCoAR), the rate-limiting cholesterol biosynthetic enzyme, were decreased in the brain of YAC128 mice, indicative of a decrease in cholesterol synthesis. 24-S-Hydroxycholesterol (24OHC) is a brain-specific cholesterol metabolite, which is a marker of brain cholesterol turnover and is detectable in blood (20) . In agreement with the reduced cholesterol synthesis in brain, a progressive decrease in the brain and plasma levels of 24OHC is found in YAC128 mice. In contrast, YAC18 mice show higher levels of brain and plasma cholesterol, brain and plasma cholesterol precursors, 24OHC and increased brain HMGCoAR activity with respect to WT mice. This evidence suggests that the human huntingtin protein influences cholesterol biosynthesis and that cholesterol homeostasis is altered in YAC128 mice directly by the mutation in human huntingtin.
RESULTS
Total sterol levels are progressively reduced in the striatum of YAC128 mice Tissues from HD patients as well as R6/2 mice demonstrate impaired cholesterol biosynthesis (11, 21) . In order to examine whether this phenotype was observable in the CNS of other mouse models, we measured total sterols in the brains of WT, YAC128 and YAC18 mice. We used an enzymatic method that measures not only cholesterol, but also additional sterol species (22) . Using this method, we discovered that total sterols are reduced by 40% in the striatum of 10-month-old YAC128 mice compared with WT and YAC18 mice ( Fig. 1A ; One-way ANOVA P ¼ 0.0004). At 10 months of age, the striatum of YAC128 mice shows significant atrophy, whereas cortical atrophy becomes apparent at 12 months (17) . Cortical sterol levels in the 10-month-old YAC128 were slightly decreased when compared with WT (13% decrease; Mann -Whitney P . 0.05) and YAC18 mice (16% decrease; Mann -Whitney P , 0.05). In contrast, cerebellar sterol levels from YAC128, WT and YAC18 mice were similar at 10 months of age (Fig. 1C) .
Total striatal sterol levels in YAC128 and control mice at 2 and 18 months of age indicate that this dysfunction is progressive (Table 1) . At 2 months of age, the YAC128 mice show cognitive deficits (18) , whereas striatal and cortical neuropathology appear later at 9 and 12 months of age, respectively (17) . Normally, sterols progressively accumulate during development in mouse brain, reaching stable levels in adult mice (13) . Consistent with this, total sterols rose in the striatum of WT mice between 2 and 18 months by 45%. Figure 1 . Total sterol levels are specifically reduced in the striatum from 10-month-old YAC128 mice. (A) Striatal total sterol levels were significantly reduced in YAC128 compared with WT (P , 0.001) and YAC18 mice (P , 0.001). (B) Cortical total sterol levels of YAC128 mice were not found significantly different with respect to WT mice. Slight cortical sterol reduction was found in YAC128 versus YAC18 mice, using a non-parametric analysis ( # P ¼ 0.048; Mann-Whitney test). (C) Cerebellar total sterols were not found to be different in the three genotypes. Total sterols were evaluated by means of enzymatic method as described in the Materials and methods section. The sterol values are expressed in micrograms above milligram tissue and are the average of three (YAC128; YAC18) or six (WT) independent mice from each genotype; each sample was analyzed in triplicate and the graphs represent one of the three experiments performed. Error bars show SEM. Statistics: One-way ANOVA and Newman-Keuls Multiple Comparison Test. Significant differences are represented by asterisks.
ÃÃÃ P , 0.001.
Striatal sterol levels were normal in the YAC128 mice at 2 months of age, but were significantly decreased compared with WT littermates at 18 months (Table 1) . Similar results were found in cortex: in 18-month-old YAC128 mice, cortical total sterol accumulation was slightly reduced compared with control mice, though significance was not reached (P ¼ 0.054; Table 1 ), suggesting that sterol defects in cortical tissue may be present but appear at later stages.
Brain cholesterol biosynthesis is reduced in YAC128 mice but increased in YAC18 mice
In order to address the mechanism underlying the observed sterol deficits in YAC128 mice, we applied isotopic dilution mass spectrometry (MS) to discriminate between the levels of cholesterol and its precursors ( Fig. 2A -brief scheme of the cholesterol biosynthetic pathway). The level of lathosterol, the precursor of cholesterol, the production of which is catalyzed by the enzyme D8, D7 isomerase, is considered an indicator for cholesterol neo-genesis (23) and its reduction indicates that cholesterol biosynthesis is reduced in a given tissue. We analyzed lathosterol levels in 2-month-old YAC128 mice. Isotopic dilution MS showed that lathosterol levels are reduced by 23% in 2-month-old YAC128 mice compared with WT mice (P ¼ 0.03; Fig. 2B ). At this time point, total sterols as measured by enzymatic methods are not decreased in YAC128 mice (Table 1) , but lathosterol levels are on the scale of 25 ng/mg of tissue-or 0.1% of total sterols. It is not surprising therefore that total sterol measurements do not allow discrimination of the observed differences in lathosterol.
Lathosterol levels were more significantly reduced, by 38%, in total brain from 10-month-old YAC128 mice compared with WT mice (P ¼ 0.013) (Fig. 2C) . In contrast, 10-month-old YAC18 mice had lathosterol levels 30% higher than WT mice (P ¼ 0.010) and 56% higher than YAC128 mice (P , 0.001). We also measured other key cholesterol precursors, such as lanosterol and desmosterol ( Fig. 2A) . At 2 months of age, lanosterol but not desmosterol, was significantly reduced ( Fig. 3A and C ; P ¼ 0.05), whereas at 10 months of age, both lanosterol and desmosterol were significantly reduced as previously observed for lathosterol ( Fig. 3B and D) .
Cholesterol levels in the whole brain of YAC128, YAC18 and WT mice were also examined by MS. At 2 months of age, there was no difference in brain cholesterol levels between YAC128 and WT mice (Fig. 3E) . By 10 months of age, however, YAC128 mice have significantly decreased total brain cholesterol when compared with WT (17%, P , 0.05) and YAC18 mice (26%, P , 0.05). In contrast, YAC18 mice have increased whole-brain cholesterol with respect to WT and YAC128 mice, which only reached significance when compared with YAC128 mice (P , 0.05). The observed trends in whole-brain cholesterol levels mirror those of brain cholesterol precursors (Fig. 3B and D) , though the fold-changes are less marked (Fig. 3F ).
Brain HMGCoAR activity is decreased in YAC128 mice and increased in YAC18 mice
To further investigate the mechanism underlying defects in the cholesterol biosynthetic pathway in the presence of exogenous full-length normal and mutant huntingtin, we processed tissues for the measurement of the activity of the rate-limiting enzyme of the HMGCoAR pathway. Purified microsomes from the total brain of YAC128, YAC18 and WT mice were isolated and HMGCoAR activity evaluated. As shown in Figure 4A , HMGCoAR activity was similar in the brains of YAC128 and WT mice at 2 months of age, but at 10 months, its activity was significantly decreased in YAC128 compared with WT mice (35%, P ¼ 0.0298; Fig. 4B ). This finding is consistent with the progressive decrease in total sterols observed in the YAC128 mice (Fig. 1) . Moreover, in agreement with the increased brain levels of precursors and cholesterol (Figs 2 and 3), YAC18 mice showed 1.7-fold increase in HMGCoAR activity compared with WT mice and 2.5-fold compared with YAC128 mutant mice at 10 months of age (Fig. 4B) .
Huntingtin is ubiquitously expressed, in the periphery as well as in most brain regions (24) , and could therefore have effects on cholesterol synthesis in organs outside the CNS. We investigated the rate of HMGCoAR activity in the liver-a crucial organ for whole-body cholesterol homeostasis. Figure 4C shows that the HMGCoAR activity in microsomes purified from the liver of 10-month-old mice is unchanged irrespective of their genotype. Total liver sterol levels were also unchanged between genotypes at 10 months (Fig. 4D ). These results suggest that the cholesterol biosynthetic pathway, in terms of HMGCoAR activity, is not impaired in the liver of YAC128 mice, or that compensatory mechanisms occur to restore a physiological activity of the pathway.
Plasma cholesterol and intermediate levels mirror brain sterol levels in YAC mice
Although the rate of hepatic cholesterol biosynthesis in the YAC mice was unaltered, we undertook studies to examine the plasma for alterations in cholesterol or precursor levels. Previous work (11) has shown cholesterol biosynthetic defects in primary human fibroblasts; therefore, alterations in cholesterol biosynthesis in cells outside the liver and brain could not be excluded and might be detected in HD plasma. In a manner analogous to the data from brain samples, no changes in plasma total cholesterol levels were found at 2 months of age (data not shown), but by 10 months of age, total cholesterol levels in plasma were decreased by 13% in YAC128 compared with WT ( Fig. 5A ; P , 0.05). Intriguingly, YAC18 mice showed higher plasma cholesterol level with respect to WT mice (30%, P 0.001) as well as YAC128 mice (41%, P , 0.001). Next, we evaluated levels of some critical cholesterol precursors in plasma from all genotypes. We found that lanosterol (Fig. 5B) , lathosterol ( Fig. 5C ) and desmosterol (Fig. 5D) were decreased in YAC128 compared with control mice, though significance was only reached for lathosterol (P , 0.05) and desmosterol (P , 0.01). Moreover, in agreement with the increased total cholesterol, YAC18 mice had a significant increase in plasma levels of all precursors compared with WT and YAC128 mice (Fig. 5) .
These data indicate that the levels of peripheral cholesterol precursors and cholesterol itself are altered in the YAC mice, with observed genotype trends paralleling those seen in the brain. This suggests that cholesterol homeostasis and/or other related pathways outside are altered in YAC mice. Lathosterol levels were significantly decreased in YAC128 mice compared with WT mice at 2 months of age, before neuropathology occurred (P ¼ 0.0298). (C) Lathosterol levels were significantly decreased in 10-month-old YAC128 mice compared with WT and more with YAC18 mice (P-value summary , 0.0001). Ten-month-old YAC18 mice showed significant higher levels of lathosterol compared with WT mice (P , 0.01) and with YAC128 mice (P , 0.001). Lathosterol was measured by means of isotopic dilution MS. The values are expressed above wet weight of tissue (ww) and are the average of four (YAC128) and four (WT) independent mice at 2 months of age and three (YAC128), four (WT) and three (YAC18) independent mice at 10 months of age. Each sample was analyzed in triplicate. Error bars show SEM. Statistics: unpaired t-test and One-way ANOVA, Newman-Keuls Multiple Comparison Test. Significant differences are represented by asterisks.
Ã P , 0.05; ÃÃ P , 0.01; ÃÃÃ P , 0.001. . Levels of other key-cholesterol precursors, lanosterol and desmosterol, are progressively reduced in the brain of YAC128 mice, leading to reduced total cholesterol account at later stages. YAC18 mice show higher levels of biosynthetic components of the pathway as well as total cholesterol with respect to WT and more to YAC128 mice. (A and B) Lanosterol levels were significantly reduced in YAC128 mice since 2 months of age (P ¼ 0.02) and persist at 10 months of age (P , 0.05). (C and D) Desmosterol levels were similar at 2 months of age between mutant and littermate mice but were significantly decreased in 10-month-old YAC128 mice compared with WT and YAC18 mice (P-value summary 0.0276). (E) Cholesterol amount was found similar at 2 months of age between YAC128 and WT mice. (F) Cholesterol was slightly decreased, with the same pattern, in YAC128 mice compared with WT and YAC18 mice (P-value summary 0.0315). YAC18 mice showed higher levels of lanosterol (B), desmosterol (D) and total cholesterol (F) with respect to WT and more to YAC128 mice, although the significance has been reached only versus YAC128 (P , 0.05). Decreased levels of brain cholesterol in YAC128 mice could be entirely the consequence of the observed biosynthetic defect, or be due partly to increased catabolism. In order to investigate whether reduced cholesterol biosynthesis in HD brain is related to an increase in cholesterol catabolism, we measured the levels of the brain-specific cholesterol metabolite 24OHC in the brain and in the plasma of YAC128, YAC18 and WT mice. As shown in Figure 6 , at 2 months of age, levels of 24OHC in brain were similar between YAC128 and control mice (Fig. 6A) . However, 10-month-old YAC128 mice showed a 20 and 27% reduction in the amount of brain 24OHC compared with WT (P , 0.001) and YAC18 mice (P , 0.001), respectively (Fig. 6B) . The observed trend in brain 24OHC levels mirrors that observed for brain cholesterol precursors and cholesterol itself. As 24OHC, unlike cholesterol, is able to cross the blood -brain barrier (BBB) and is eliminated in the blood, we measured the levels of 24OHC in plasma. At 10 months of age, 24OHC was found to be 10 and 18% lower in blood from YAC128 in comparison with WT and YAC18 mice, respectively (Fig. 6C) . Again, the observed trend in plasma 24OHC levels mirrors that observed for the brain cholesterol biosynthesis (Fig. 4B) . 
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DISCUSSION
We have demonstrated that cholesterol homeostasis is altered in the YAC18 and YAC128 mice. Reduction in total sterol content is observed most strikingly in the striatum of the YAC128 mice, the most severely affected tissue in HD.
Whole-brain analysis indicates that cholesterol precursor levels are decreased as early as 2 months of age, before the development of neuropathology in this model. By 10 months of age, a significant decrease is observable in the activity of the rate-limiting step in the cholesterol biosynthesis, HMGCoAR. Alterations of cholesterol precursors, cholesterol and 24OHC levels are also observable in the plasma of YAC mice. The YAC18 mice demonstrate a reversal of most of the cholesterol-related parameters with respect to the YAC128 phenotype, implying a role for huntingtin in cholesterol homeostasis, which is modified by the presence of the mutation.
Brain cholesterol is an essential component of cellular membranes and is involved in crucial biological functions such as membrane trafficking, signal transduction, myelin formation and synaptogenesis (13) . Brain cholesterol biosynthesis, storage and catabolism are in continuous balance in order to keep cholesterol levels constant, and impairment in the activity of one of these elements can have a profound impact on neuronal activity and survival. According to one study (16) , experimental reduction of cholesterol levels, or cholesterol biosynthesis, in cortical neurons is protective against NMDA-induced excitotoxicity. This raises the intriguing possibility that the observed cholesterol reductions could be a protective response of neurons to reduce their vulnerability to excitotoxic stress. Other studies show that the inhibition of HMGCoAR causes neurite loss in vitro (25) and mice that are unable to synthesize cholesterol in oligodendrocytes develop ataxia and tremor (26) . Furthermore, a number of human dis- Figure 5 . Levels of plasma cholesterol are reduced in the YAC128 mice and increased in YAC18 mice at 10 months of age. (A) Total cholesterol, as determined by GC-MS, is significantly reduced in the plasma of 10-month-old YAC128 mice (P , 0.05), whereas it is increased in YAC18 mice relative to WT controls (P , 0.001) and YAC128 mice (P , 0.001). (B -D) Levels of the cholesterol precursors lanosterol, lathosterol and desmosterol in the plasma of 10-month-old animals show the same trends as plasma cholesterol-decreased in the YAC128 and increased in the YAC18 relative to WT controls. (B) Trend reduction in lanosterol levels was observed in YAC128 when compared with WT and YAC18 mice, although significances were not reached (P . 0.05). (C) Differences in lathosterol levels were found to be significant for YAC128 versus WT (P , 0.05) as well as YAC128 versus YAC18 (P , 0.01). (D) Significant differences were also found in desmosterol levels in YAC128 in comparison with WT (P , 0.01) and YAC18 mice (P , 0.001). The YAC18 levels of desmosterol were also found to be significantly increased compared with WT mice (P , 0.01). All the plasma values are the average of 10 (YAC128), 13 (27) and Smith -Lemli -Opitz syndrome (15, 28) . We have previously shown that mRNA levels of key genes involved in cholesterol biosynthesis are reduced in the brain of R6/2 transgenic mice, which express a fragment of mutant huntingtin, and in the neuronal tissue from post-mortem HD patients and human HD fibroblasts (11) . We have identified impaired SREBP nuclear translocation as the underlying molecular mechanism. The biological effects of altered SREBP transport are reduced total sterol production in neuronal tissues of R6/2 mice and reduced de novo cholesterol biosynthesis in human HD fibroblasts (11) .
Here we have extended these data by showing that cholesterol dysfunction occurs in a full-length mouse model of HD, the YAC128 mouse (17) . The YAC128 mice demonstrate specific neuropathology (17, 18) , which closely mirrors the atrophy observed in human HD patients. Another benefit of the YAC128 in studies such as these is the longer course of disease, allowing consideration of the sequence, timing and natural history of pathological events.
An interesting finding of this study is that YAC18 mice over-expressing normal huntingtin show differences in most cholesterol-related phenotypes compared with WT and YAC128 mice. This suggests that the cholesterol alterations observed are not a secondary consequence of mice displaying HD phenotypes, but rather that the huntingtin protein itself may play a key role in the cholesterol homeostasis.
The tissue-specific neuropathology of the YAC128 mice lends interest to our finding that total sterols are reduced in the striatum of 10-month-old YAC128 mice with respect to controls. Tissues relatively spared in HD, as well as in the YAC128 model, such as the cerebellum (18) maintain normal sterol levels, reinforcing the coincident nature of sterol loss and neuronal atrophy. Different neuronal populations and brain areas require different amounts of sterols, leaving them more or less vulnerable to cholesterol deficiency (29) . Because of its unique anatomical/functional demands, cholesterol levels in the striatum are 1.5-fold higher than the cortex (30, 31) . We confirmed this in our experiments by showing that total sterols in control striata reached values of 25 mg/mg, whereas only 12.5 mg/mg can be measured in cortical tissues. The evidence that the striatum of YAC128 mice showed a 40% reduction in sterol levels, whereas cortical losses were milder, suggests that a cholesterol dysfunction might contribute to the tissue-specific vulnerability of brain regions observed in HD (15) .
The YAC128 mice have allowed us to demonstrate that brain and plasma levels of cholesterol are unaltered at 2 months of age, suggesting that cholesterol biosynthesis during development is unaffected in these mice. This implies that either the cholesterol biosynthetic role of huntingtin is not important during development, or that it is able to fulfill this role for a time. In the adult brain, cholesterol biosynthesis decreases to stable levels, occurring in neurons and astrocytes, with astrocytes producing 3-fold more cholesterol than neurons (32, 33) . Mutant huntingtin may interfere with this de novo cholesterol production (estimated 1-2 mg/day in humans; 34), which, although small, is crucial for neuronal survival and maintenance. Brain and plasma levels of 24OHC, a brain-specific cholesterol catabolite, are progressively reduced in YAC128 mice and increased in YAC18 mice. (A) At 2 months of age, brain levels of 24OHC were found similar in YAC128 and WT mice. (B) At 10 months of age, levels of 24OHC were significantly reduced in the brain from YAC128 mice compared with WT mice and YAC18 mice (P-value summary 0.0002). (C) Plasma levels of 24OHC were found reduced in the same matched-aged YAC128 with respect to WT and YAC18 mice (P-value summary 0.0061). Brain and plasma 24OHC was measured by means of isotopic dilution MS. The brain values are the average of independent mice and each sample was analyzed in triplicate. N ¼ 4 YAC128, 4 WT at 2 months of age; N ¼ 4 YAC128, 4 WT and 3 YAC18 mice at 10 months of age. Plasma values are the average of 10 (YAC128), 13 (WT) and 7 (YAC18) independent mice from each genotype and are normalized above WT values. Error bars show SEM. Statistics: One-way ANOVA, Newman-Keuls Multiple Comparison Test. Significant differences are represented by asterisks.
Ã P , 0.05; ÃÃ P , 0.01; ÃÃÃ P , 0.001.
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Lanosterol and lathosterol levels are considered to be indicators of cholesterol neo-genesis and are decreased by 2 months of age in the brain of YAC128 mice, before changes in cholesterol accumulation are observed. During later points, the lathosterol deficits become more pronounced, whereas the cholesterol levels are also affected. This suggests a model in which cholesterol biosynthetic defects are seen early, preceding overt neuropathology, with detectable decreases in cholesterol accumulation developing in parallel with the brain atrophy. The difference in magnitude between precursor and cholesterol reduction may be due to the fact that the cholesterol levels measured include the cholesterol in myelin sheaths, which makes up the bulk of brain cholesterol (35) . This store of cholesterol seems not affected by the huntingtin mutation, because YAC128 mice demonstrate normal brain cholesterol levels at 2 months of age. Moreover, brain cholesterol has a half-life, which is at least 100 times longer than that of cholesterol in most other organs. The halflife of the total bulk of brain cholesterol is estimated to be 4 -6 months in mice and rats (36) and 5 years in humans (37) , suggesting that significant developmental sources of cholesterol may persist in YAC128 brains to the 10 month time-point analyzed here.
Analyzing different components of the cholesterol biosynthesis cascade-lanosterol, desmosterol and lathosterol-did not reveal any accumulation of intermediates in YAC128 brains, suggesting that no specific inhibitions occur in crucial steps of the pathway. Evidence of altered activity of HMGCoAR, the upstream rate-limiting enzyme that catalyzes the formation of mevalonate, in YAC mouse brain indicates that the biosynthetic pathway is affected from its first steps. This is consistent with our earlier work demonstrating impaired nuclear translocation of SREBPs in HD tissues (11) .
Several intermediate products produced from mevalonate have independent functions (38; Fig. 2A ). For instance, isoprenoids including farnesyl and geranylgeranyl diphosphates are important components of molecules including GTP-binding proteins. These proteins play diverse roles within cells, ranging from intracellular signalling to vesicular transport (39) . Other molecules, such as hemeA and ubiquinone (coenzyme Q10), which take part in electron transport, and dolichol, required for glycoprotein synthesis, are synthesized from the intermediary metabolites of the cholesterol biosynthetic pathway. Therefore, a defect at multiple steps of this pathway may lead not only to decreased levels of newly synthesized cholesterol but also to reduced supply of intermediate products affecting important metabolic functions within the HD cells.
We have shown reductions in plasma levels of cholesterol and cholesterol precursors in YAC128 mice when compared with WT and YAC18 mice, with observed trends closely paralleling levels in the brain in the same mice. Plasma cholesterol alterations were not due to altered hepatic biosynthesis, as demonstrated by unaffected HMGCoAR activity and total sterol levels in the liver. In addition to the liver, the intestine has been shown to contribute 30% of plasma HDL cholesterol in mice (40); therefore, it is possible that the reduction in plasma cholesterol observed in the YAC128 mice could be explained by the decreased cholesterol biosynthesis outside the liver or brain.
The majority of plasma 24OHC is brain-derived, allowing its levels in blood to be taken as an index of brain cholesterol elimination (20) . We report that at 10 months of age, there is a significant reduction of 24OHC levels in the brain and plasma from YAC128 mice, which correlates with brain cholesterol biosynthetic defects. When levels of 24OHC are considered as a ratio to total brain cholesterol, no differences are observed in any of the genotypes tested, suggesting that the rate of flux through the 24OHC pathway is unaltered. This, in conjunction with the observed correlation between brain and plasma 24OHC levels observed in all genotypes, highlights the fact that 24OHC in plasma reflects brain cholesterol biosynthesis. The evidence that the brains of 2-month-old YAC128 mice have reduced levels of lanosterol and lathosterol but not of 24OHC implies that the biosynthetic defect occurs initially, followed by a progressive decrease in the total cholesterol, followed by the decreased production of 24OHC due to reduced substrate concentrations.
In conclusion, our findings demonstrate that cholesterol homeostasis alterations occur in the YAC128 mice. We show that in YAC128 mice, this dysfunction is most pronounced in the striatum, appears early and is progressive. Moreover, our data suggest that normal huntingtin may play an important role in the cholesterol biosynthesis.
MATERIALS AND METHODS

Mice and tissues
Experiments were carried out on YAC18 and YAC128 mice generated to express wild-type (WT) huntingtin with 18 glutamines (19) and mutant huntingtin with 128 glutamines, respectively (17) , and littermate (WT) mice. YAC18 mice express exogenous WT human huntingtin under the same regulatory control as the YAC128 mice. Expression levels of transgenic huntingtin in the YAC128 (line 53) and YAC18 (line 212) lines used in the current study are equivalent. After overnight starvation, the animals were sacrificed at different disease stages and perfused with saline, after which their brains were isolated or dissected in order to separate the different neuronal areas. The animals were cared for in accordance with our institutional guidelines.
Enzymatic measurement of total sterols
In order to measure total sterol levels enzymatically, neuronal and hepatic tissues were homogenated and lipid fraction was isolated by means of solvent extraction [chloroform: methanol 3:2 (v/v) in presence of butylated hydroxytoluene (BHT) 25 ug/ml]. Total sterol content was then assayed using the Cholesterol kit (FAR srl, Italy) as instructed by the manufacturer. The amounts of sterol were normalized on the basis of wet tissue weight.
Isotopic dilution MS measurements of neutral sterols and oxysterols
Tissue homogenates were prepared in PBS containing 0.25 M sucrose (10% w/v); 30 ml of homogenated tissues were added to a screw-capped vial sealed with a Teflon-lined septum, To prevent self-oxidation, 25 ml of BHT (5 g/l) and 25 ml of EDTA (10 g/l) were added to each vial, and argon was flushed through in order to remove air. Alkaline hydrolysis was allowed to proceed at room temperature (228C) for 1 h in the presence of 1 M ethanolic potassium hydroxide solution under magnetic stirring. After hydrolysis, the neutral sterols (cholesterol, lathosterol, desmosterol and lanosterol) and oxysterol (24OHC) were extracted three times with 5 ml of cyclohexane. The organic solvents were evaporated under a gentle stream of argon and converted into trimethylsilyl ethers [pyridine:hexamethyldisilazane:trimethylchlorosilane, 3:2:1 (v/v/v)]. Gas chromatography -MS (GC -MS) was performed on an Agilent Technologies HP 5890 series II combined with a 5972 mass selective detector. The GC was equipped with a DB-XLB (30 m Â 0.25 mm id Â 0.25 mm film; J&W, Palo Alto, CA, USA), and the injection was made in the splitless mode using helium (1 ml/min) as a carrier gas. The initial temperature of 1508C was maintained for 1 min, increased by 208C/min up to 2608C, then by 108C/min up to the end temperature of 2808C, which was maintained for 15 min. The mass spectrometer was used in selected ion-monitoring mode, and the neutral sterols were monitored as their TMSi derivates using the following masses: 2H4-lathosterol at 462 m/z
Peak integration was performed manually, and the sterols were quantified from the selected ion-monitoring analyses against internal standards using standard curves. The identity of all the sterols was proven by comparison with the full-scan mass spectra of authentic compounds. Additional qualifier ions (characteristic fragment ions) were used for structural identification.
Preparation of microsomes and assay of HMGCoAR activity
The brain and liver homogenates were prepared in PBS containing 0.25 M sucrose (10% w/v), and an aliquot was used to measure the sterols and oxysterols by means of isotopic dilution MS. The microsomal fractions were isolated as previously described (41) and then resuspended in 50 mM phosphate buffer, pH 7.4, containing 5 mM DTT, 200 mM KCl, 1 mM EDTA and 0.25% Brij96. The protein concentrations of the microsomal fractions were determined using Lowry's method. HMGCoAR was assayed essentially as described by Brown et al. (42) with some modifications: 0.04 mCi of [3- 14C ]HMGCoA (specific activity 54.6 mCi/mmol) was preincubated in 0.3 ml of buffer containing 200 mM phosphate buffer, pH 7.4, 8.3 mM DTT (Sigma), 4 mM NADPH (Sigma) and 40 mM glucose-6-phosphate (Sigma) for 10 min at 378C, after which 100 mg of microsomal proteins were added, and the HMGCoAR assay was run for 2 h at 378C. The assay was stopped by the addition of 20 ml of STOP solution containing 5 N HCl, 7 mCi tritium-labeled mevalonic acid (33.00 Ci/mmol) and unlabeled mevalonic acid lactone. The enzyme assays were carried out in triplicate in all the experiments. After lactonization, the incubation mixture underwent thin-layer chromatography, with benzene -acetone 1:1 (v/v) being used as the developing solvent. The mevalonic acid lactone zone was located and scraped off into a counting vial, and a Packard liquid scintillation spectrometer (Tri-Carb 2100TR, Packard) was used to determine radioactivity with Insta-Gel Plus (Perkin-Elmer) as scintillator liquid. Corrections for losses were made using the internal standard.
Plasma cholesterol and precursor levels by GC and GC -MS
To analyze plasma samples, 50 mg 5a-cholestane (Serva, Feinbiochemica GmbH, Heidelberg, Germany) (50 ml from a stock solution of 5a-cholestane in cyclohexane; mg/ml), 1 mg epicoprostanol (Sigma, Seelze, Germany) (10 ml from a stock solution epicoprostanol in cyclohexane; 100 mg/ml) and 100 ng [23, 23, 24, 25 -2H4]24-R,S-hydroxycholesterol (50 ml from a stock solution of [2H4]24-R,S-hydroxycholesterol in methanol; 2 mg/ml), as internal standards, respectively, were added to 100 ml plasma. Solvolysis, extraction and derivatization were performed as described previously (43) . The residue was dissolved in 60 ml n-decane. Fifty microliters of the solution was transferred into a micro-vial for gas -liquid chromatography-MS-selected ion-monitoring analysis of cholesterol precursors, lathosterol, lanosterol and desmosterol, and the cholesterol metabolite 24OHC. Ten microliters was diluted with 90 mln-decane for the analysis of cholesterol by gas -liquid chromatography-flame ionization detection (44) . The variability of within-day and between-day accuracy and precision for all analytes were lower than 4% of the respective nominal and mean values, respectively. Identity of all sterols was proven by comparison with the full-scan mass spectra of authentic compounds.
Statistical analysis
The data were compared using different statistical approaches such as t-test analysis, One-way ANOVA with NewmanKeuls Multiple Comparison Test or Mann -Whitney test, as indicated. P-values, SEM, SD and means were calculated using Graphpad Prism version 4.0.
